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Description
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The present invention relates to a medical im-
aging system, particularly to a medical imaging system
including an X-ray Talbot imaging apparatus.

2. Description of Related Art

[0002] Ingeneral,simple X-rayimages (i.e., absorption
images) of patient’s joint cartilage cannot be captured
with traditional silver halide films. Magnetic resonance
imaging (MRI), which canimage joint cartilage, produces
low-definition images and cannot always measure quan-
titative feature values, such as the levels of defect, dam-
age, and abrasion of cartilage due to arthritis or arthror-
heumatism. In a conventional diagnosis of knee arthror-
heumatism, a doctor estimates the thickness, abrasion
orthe like of the cartilage that is not visualized in a simple
X-ray image of patient’s knee, from the distance of a gap
in the knee joint.

[0003] An X-ray imaging apparatus is known that in-
cludes a Talbot interferometer by the Talbot effect, which
achieves imaging by sensing the phase shifts in X-rays
passing through an object. An X-ray imaging apparatus
is also known that includes a Talbot-Lau interferometer
which is an application of the Talbot interferometer (see
U.S. Patent No. 5812629, Japanese Unexamined Patent
Application Publication No0.2008-200359, and
W02011/033798, for example). In this specification, an
X-ray imaging apparatus including a Talbot interferom-
eter or a Talbot-Lau interferometer is called "X-ray Talbot
imaging apparatus". In specific, an X-ray Talbot imaging
apparatus may be not only an X-ray imaging apparatus
including a Talbot interferometer but also an X-ray imag-
ing apparatus including a Talbot-Lau interferometer.
[0004] An X-ray Talbot imaging apparatus produces
one or more moire images, which can be reconstructed
into at least three types of images by analyzing multiple
moire images taken by a scheme using the principle of
fringe scanning or by analyzing a single moire image by
the Fourier transform. The three types of images consist
of an absorption image (the same as an X-ray absorption
image explained above) reflecting the contrast produced
by X-ray absorption, a differential phase image reflecting
the contrast based on phase information, and a small-
angle scattering image reflecting the contrast produced
by small-angle scattering.

[0005] The inventors have applied an X-ray Talbot im-
aging apparatus to imaging of joint cartilage and found
that an X-ray Talbot imaging apparatus can produce at
least differential phase images of joint cartilage in an in-
cised joint, as disclosed in Nagashima Masabumi and
seven others. "Optimization of Joint and Cartilage: Diag-
nostic Potential of Differential Interferential Contrast X-
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ray Imaging". Proceedings of the 14th Japanese Re-
search Society of Clinical Anatomy, September 11,2010.
Japanese Research Society of Clinical Anatomy, Febru-
ary 2011, No. 11, pp. 56-57, http://www.jrsca.jp/con-
tents/records/ (accessed on November 21, 2013). The
inventors have also found that reconstructing a captured
moire image of a jointin a living body instead of an incised
jointthe image also produces at least a differential phase
image of joint cartilage.

[0006] With a conventional X-ray imaging apparatus,
which cannot visualize cartilage in a captured image of
patient’s joint as described above, the doctor should es-
timate the thickness, abrasion or the like of the cartilage
from the distance of a gap between two bones forming,
for example, a knee joint. Consequently, the thickness
or the like of cartilage cannot be quantitatively measured.
Since the estimation depends on the experience or tech-
niques of the radiologist, the estimated thickness or the
like of cartilage may vary depending on the radiologist,
inhibiting the consistency of the estimations.

[0007] If patient’s joint cartilage is visualized in a dif-
ferential phase image reconstructed from moire images
taken with an X-ray Talbot imaging apparatus, the thick-
ness or the like of the cartilage can be quantitatively
measured in reference to the image of the cartilage. Re-
ferring to the differential phase image of the cartilage,
the thickness or the like of the cartilage can be consist-
ently measured independently of the experience or tech-
niques of the radiologist. Thus, a measure is required
which allows a medical imaging system including an X-
ray Talbot imaging apparatus to quantitatively and con-
sistently measure the thickness or the like of patient’s
joint cartilage from a differential phase image recon-
structed from moire images taken with the X-ray Talbot
imaging apparatus.

SUMMARY OF THE INVENTION

[0008] An object of the present invention, which has
been made to solve the above problems, is to provide a
medical imaging system that quantitatively and consist-
ently measures the thickness or the like of cartilage from
the joint cartilage visualized in a differential phase image
reconstructed from moire images taken with an X-ray Tal-
bot imaging apparatus.

[0009] In order to solve the problems set forth above,
according to an aspect of a preferred embodiment of the
present invention, there is provided a medical imaging
system including: an X-ray Talbot imaging apparatus in-
cluding: an X-ray source which emits X-rays, an X-ray
detector including conversion elements to generate an
electrical signal according to the emitted X-rays, and
reading the electrical signal generated by the conversion
elements, as an image signal, a subject table to hold a
subject for a joint of the subject to be imaged, and a con-
troller which generates a reconstructed image from the
image signal of the imaged subject, the reconstructed
image including at least a differential phase image; and
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an image processing apparatus which measures a thick-
ness of cartilage in the jointin the differential phase image
or an image generated from the differential phase image,
by reference to at least one of i) an edge of a bone in the
joint identified in the reconstructed image or an image
generated from the reconstructed image and ii) an edge
of the cartilage identified in the differential phase image
orthe image generated from the differential phase image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above and other objects, advantages and
features of the present invention will become more fully
understood from the detailed description given herein-
below and the appended drawings which are given by
way of illustration only, and thus are not intended as a
definition of the limits of the presentinvention, and where-
in:

FIG. 1 is a schematic general view of a medical im-
aging system of an embodiment.

FIG. 2A is an example absorption image (photo-
graph) of a joint.

FIG. 2B is an example differential phase image (pho-
tograph) of a joint, showing an edge of joint cartilage.
FIG. 3 is an example image on a screen, showing a
differential phase image of an edge of a bone in an
identified joint and the thickness or the like of the
cartilage at a specified point.

FIG. 4 is a photograph showing the edge of the car-
tilage in the joint identified in Exemplary Configura-
tion 1, the specified position P on the edge of the
cartilage, the thickness R of the cartilage in the po-
sition P, and other feature values.

FIG. 5is a graph of an example profile of pixel values
detected by sequentially scanning a target pixel row
in the differential phase image from left to right.
FIG. 6 is a photograph showing the edge of the bone
in the joint identified in Exemplary Configuration 2,
the specified position p on the edge of the bone, the
thickness R of the cartilage in the position p, and
other feature values.

FIG. 7 is a photograph showing three points deter-
mined on the edge of the bone in the joint identified
in Exemplary Configuration 4, for example.

FIG. 8 illustrates an arc based on the three points,
the center O of the arc, the normal line passing
through the position p, and the thickness R of the
cartilage, for example.

FIG.9isanimage (photograph) obtained by applying
polar coordinates to the differential phase image of
the jointin FIG. 2B.

FIG. 10 illustrates defects in cartilage and estimates
the shape of the cartilage before deformation by re-
storing the cartilage having the defects to its original
state.

FIG. 11A illustrates the estimated shape of the edge
of the cartilage before deformation, superimposed
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on a differential phase image.

FIG. 11B illustrates the estimated shape of the edge
of the cartilage before deformation, superimposed
on a differential phase image in polar coordinates.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0011] Embodiments of a medical imaging system of
the present invention will now be described with refer-
ence to the attached drawings.

[0012] In this embodiment, an X-ray Talbot imaging
apparatus 1 in a medical imaging system is a Talbot-Lau
interferometer including a ray source grating (or multi
grating or multi-slit grating) 12 described later. Alterna-
tively, in the invention, the X-ray Talbot imaging appara-
tus 1 may be a Talbot interferometer including only a first
grating (or G 1 grating) 14 and a second grating (or G2
grating) 15 but no ray source grating 12.

[Configuration of medical imaging system]

[0013] The configuration of the medical imaging sys-
tem of this embodiment will now be described. FIG. 1 is
a schematic general view of a medical imaging system
100 of this embodiment. In this embodiment, the medical
imaging system 100 includes the X-ray Talbot imaging
apparatus 1 and an image processing apparatus 50.

[Configuration of X-ray Talbot imaging apparatus 1]

[0014] The X-ray Talbot imaging apparatus 1 includes
a Talbot interferometer or Talbot-Lau interferometer as
described above. The Talbot effect, which is the principle
of a Talbot interferometer, refers to a phenomenon in
which when coherent X-rays pass through the firstgrating
(G1 grating) with slits at regular intervals, the image of
the grating is formed at regular intervals along the direc-
tion of the propagating X-rays (see Japanese Unexam-
ined Patent Application Publication No.2008-200359, for
example). The formed images are called self-images.
The Talbot interferometer has a second grating (G2 grat-
ing) atalocation of a self-image, and forms moire fringes.
Positioning a subject at the paths of the X-rays disrupts
the moire fringes. For this reason, the X-ray Talbot im-
aging apparatus 1 is configured to capture a moire image
with moire fringes disrupted by the subject. The config-
uration of the X-ray Talbot imaging apparatus 1 of this
embodiment will be described below.

[0015] In this embodiment, the X-ray Talbot imaging
apparatus 1 includes a radiation generator 11, a ray
source grating 12, a subject table 13, a first grating 14,
a second grating 15, an X-ray detector 16, a support 17,
a base 18, and a controller 19. In this embodiment, as
illustrated in FIG. 1, the X-ray Talbot imaging apparatus
1 is configured to emit radiation toward the subject on
the lower side from the radiation generator 11 on the
upper side. Alternatively, in the invention, the radiation
may be emitted in any direction, e.g., the horizontal di-
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rection.

[0016] The radiation generator 11 includes an X-ray
source 11a which is, for example, a Coolidge X-ray
source, a rotating anode X-ray source, or other sources
commonly used in medical practice. In the state shown
in FIG. 1, the ray source grating 12 is provided below the
radiation generator 11. In this embodiment, the ray
source grating 12 is not mounted to the radiation gener-
ator 11 but to a fixer 12a on the base 18 on the support
17 to prevent vibrations of the radiation generator 11 gen-
erated by the rotation of the anode of the X-ray source
11a from propagating to the ray source grating 12. In this
embodiment, to avoid or reduce the vibrations of the ra-
diation generator 11 propagating to the support 17 or
other components in the X-ray Talbotimaging apparatus
1, a cushion 17a is provided between the radiation gen-
erator 11 and the support 17.

[0017] In this embodiment, the ray source grating 12,
the first grating 14, and the second grating 15 have mul-
tiple slits (not shown) at regular intervals in the y direction
perpendicular to the z direction parallel to the irradiation
direction. In this case, the slits extend in the x direction.
The fixer 12a in this embodiment is mounted with the ray
source grating 12, a filter (additional filter) 112 to modify
the quality of the radiation passing through the ray source
grating 12, an irradiation field diaphragm 113 to narrow
the irradiation field, and an irradiation field lamp 114 to
adjust the position before the irradiation by exposing a
subject to visible light instead of radiation. Note that the
ray source grating 12, the filter 112, and the irradiation
field diaphragm 113 are not necessarily positioned in this
order. In this embodiment, a first covering unit 120 is
provided around the ray source grating 12 and other com-
ponents to protect them.

[0018] A subject table 13 is provided between the ra-
diation generator 11 and the first grating 14 to hold a
subject (a joint of the patient) for radiography. In the state
shown in FIG. 1, the first grating 14 and the second grat-
ing 15 are provided below the subject table 13, and the
X-ray detector 16 is provided directly below the second
grating 15. The X-ray detector 16 has an array of con-
version elements (not shown) to generate an electrical
signal according to emitted X-rays, and reads the elec-
trical signal generated by the conversion elements, as
an image signal, to capture a moire image on the second
grating 15. A second covering unit 130 is provided around
the first grating 14, the second grating 15, and the X-ray
detector 16 to protect them from a leg or other parts of
the patient. If the X-ray Talbot imaging apparatus 1 is
configured to capture multiple moire images by fringe
scanning, atransfer device (not shown) is provided there-
in to move any one of the ray source grating 12, the first
grating 14, and the second grating 15, or both the first
grating 14 and the second grating 15 in the y direction.
Alternatively, in the invention, the X-ray Talbot imaging
apparatus 1 may capture a single moire image without
fringe scanning, and the controller 19 may analyze the
moire image by Fourier transform to generate an absorp-
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tion image or a differential phase image by reconstruc-
tion.

[0019] The controller 19 in this embodiment is a com-
puter including a central processing unit (CPU), a read
only memory (ROM), a random access memory (RAM),
an input/output interface, and other components con-
nected via a bus, which are not shown in the drawing.
Alternatively, the controller 19 may be a dedicated con-
troller. Although not shown in the drawing, the controller
19 includes any appropriate unit or device, such as an
input unit or a display unit. The controller 19 comprehen-
sively controls the X-ray Talbot imaging apparatus 1, for
example, controls the tube voltage or irradiation time for
the radiation generator 11. If the X-ray Talbot imaging
apparatus 1 captures multiple moire images by fringe
scanning as described above, the controller 19 can con-
trol the distance or speed of the movement of, for exam-
ple, the first grating 14 caused by the transfer device and
adjust the timings of the movement of the grating and the
emission of radiation from the radiation generator 11.
[0020] Furthermore, the controller 19 can reconstruct
an X-ray absorption image, a differential phase image,
and a small-angle scattering image from one or more
captured moire images. In this embodiment, the control-
ler 19 reconstructs an X-ray absorption image, a differ-
ential phase image, a small-angle scattering image, and
any other image produced by composition of these im-
ages, fromimage signals (i.e. moire image(s)) of the sub-
ject captured by the X-ray detector 16. The controller 19
reconstructs at least a differential phase image among
these images.

[0021] A separate control unit (not shown) for control-
ling the radiation generator 11 may be provided in addi-
tion to the controller 19. The controller 19 and the image
processing apparatus 50 are separated in this embodi-
ment, but may be integrated into a single unit. The con-
troller 19, the image processing apparatus 50, and the
generator for the radiation generator 11 may be separat-
ed. Alternatively, two or more of these units may be in-
tegrated into a single unit.

[Configuration and processing of image processing ap-
paratus 50]

[0022] In the medical imaging system 100 of this em-
bodiment, as shown in FIG. 1, the controller 19 of the X-
ray Talbotimaging apparatus 1 is connected to the image
processing apparatus 50 via a network such as a local
area network (LAN). The image processing apparatus
50 in this embodiment is a general-purpose computer
like the controller 19 of the X-ray Talbot imaging appa-
ratus 1, but may be a dedicated processor, instead. The
image processing apparatus 50 in this embodiment in-
cludes a display 51 including a cathode ray tube (CRT)
or liquid crystal display (LCD) and an input unit 52 com-
posed of a keyboard, a mouse, and other units.

[0023] For instance, the controller 19 of the X-ray Tal-
bot imaging apparatus 1 reconstructs an absorption im-
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age in FIG. 2A, a differential phase image in FIG. 2B, or
a small-angle scatteringimage (now shown) from a moire
image of a finger joint of the patient (subject). Joint car-
tilage is difficult to visualize in an absorption image. The
edge (surface) of joint cartilage (or simply cartilage edge),
however, can be visualized in a differential phase image
as indicated by the arrows in FIGS. 2B and 3.

[0024] The image processing apparatus 50 in this em-
bodiment quantitatively measures the thickness or the
like of the joint cartilage based on the position of the edge
of a bone or joint cartilage in patient’'s (subject’s) joint
identified in a differential phase image created from any
of the above-listed images: the absorption image, the
differential phase image, and the small-angle scattering
image. The configuration of such an image processing
apparatus 50 will now be described with some examples.
The medical imaging system 100 of this embodiment,
which includes the image processing apparatus 50, will
also be described in terms of its operation.

[0025] As described above, the controller 19 of the X-
ray Talbot imaging apparatus 1 generates at least a dif-
ferential phase image, but does not always generate an
absorption image or a small-angle scattering image
through reconstruction. Hence, the absorption image, the
differential phase image, and the small-angle scattering
image generated by the controller 19 of the X-ray the
Talbotimaging apparatus 1 by reconstruction hereinafter
are collectively called "reconstructed images". The re-
constructed images also include images generated from
absorption images, differential phase images, or small-
angle scattering images in the controller 19 of the X-ray
the Talbot imaging apparatus 1.

[0026] As described later, the image processing appa-
ratus 50 in this embodiment may be configured to quan-
titatively measure the thickness R of joint cartilage from
a differential phase image showing the joint cartilage or
its edge. Alternatively, an additional image may be used
which is generated by subtracting the pixel values of a
differential absorption image (based on the absorption
image generated from the moire image as described
above) from the pixel values of the differential phase im-
age. The joint cartilage appears more clearly than the
bone in such an additional image, resulting in accurate
measurement of the thickness R of the cartilage. Each
pixel in the differential absorption image has a value cal-
culated by multiplying a predetermined factor by a differ-
ence between the value of a corresponding pixel of the
absorption image and the value of the adjacent pixel. The
difference may be a difference between the values of the
adjacent pixels, which serves as the value of these ad-
jacent pixels, or calculated through a differentiation filter
such as a Sobel filter.

[0027] The image processing apparatus 50 quantita-
tively measures the thickness R of the joint cartilage from
a differential phase image in the explanation below. Al-
ternatively, the image processing apparatus 50 may
measure the thickness R of the cartilage from an image
based on a differential phase image, such as the addi-
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tional image described above.
[Exemplary Configuration 1]

[0028] The edge of a bone in ajoint of the patient (sub-
ject) clearly appears in an absorption image (FIG. 2A), a
differential phase image (FIG. 2B), and a small-angle
scattering image (not shown). Hence, the position of the
edge of the bone can be identified in any of these recon-
structed images. In Exemplary Configuration 1, the im-
age processing apparatus 50 first identifies the position
of the edge of the bone from a reconstructed image.
[0029] For example, in the reconstructed absorption
image in FIG. 2A, the pixel value (brightness) steeply
decreases at the edge portion of the bone when a target
pixel row is observed pixel by pixel from left to right. In
the reconstructed differential phase image of FIG. 2B,
the pixel value (brightness) steeply decreases at the
edge portion of the bone when a target pixel row is ob-
served pixel by pixel from left to right. In view of this, a
predetermined threshold is set for the fluctuating range
of pixel value, and each average pixel value is calculated
while a target pixel row in such a reconstructed image is
scanned pixel by pixel from left to light. Instead of the
average pixel value, the moving average for 50 or 100
pixels may be calculated. If the absolute value of the dif-
ference between the value of a target pixel and the cal-
culated average pixel value or moving average (in this
case, the pixels based on which the moving average is
calculated do not include the target pixel) exceeds the
threshold, the target pixel is identified as the edge portion
of the bone in the joint in the pixel row. The reconstructed
image is sequentially scanned row by row for the same
procedure described above to identify the edge portions
of the bone in the joint in the reconstructed image.
[0030] An object of calculating such a difference (or its
absolute value) between the value of the target pixel and
the average pixel value or moving average for the pixels
in the pixel row of the reconstructed image is to remove
variations in entire brightness among images (including
absorption images, differential phase images, and other
reconstructed images). Instead of the threshold of the
difference, the threshold of the value (quotient) obtained
by dividing the difference by the average pixel value or
moving average may be used. In this case, a pixel with
a quotient (or its absolute value) exceeding the threshold
is identified as the edge portion of the bone in the joint.
Thus, the image processing apparatus 50 may identify
the edge of the bone in any process. In specific, the edge
of the bone in the joint may be manually identified by the
user by observing a reconstructed image displayed on
the display 51 of the image processing apparatus 50,
instead of automatic identification by the image process-
ing apparatus 50 as described above.

[0031] Even if the right-left direction of the finger is re-
versed in an absorption image (see FIG. 2A), the pixel
value (brightness) is still high in the bone area and low
in the adjacent area in the image. In contrast, if the right-
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left direction of the finger is reversed in a differential
phase image (see FIG. 2B), the brightness is reversed
at the edge of the bone in the joint. In particular, in a
differential phase image in FIG. 2B, if the pixel value
(brightness) is low at the edge of the bone at the left side
of the image, the pixel value (brightness) is high at the
edge of the bone at the right side of the image. When a
bone having a convexface in the joint (having an articular
head) is on the left of the differential phase image as
shown in FIG. 2B, the pixel value steeply decreases at
a pixel corresponding to the edge of the bone in the joint,
when every pixel is sequentially observed pixel by pixel
from left to right in a target pixel row in the differential
phase image. Although not shown, in a differential phase
image in which the bone having a convex face in the joint
is on the right, the pixel value steeply increases at a pixel
corresponding to the edge of the bone in the joint, when
every pixel is sequentially observed pixel by pixel from
right to left in a target pixel row in the differential phase
image. The process in the image processing apparatus
50 for identifying the edge of the bone in the joint is there-
fore arranged in consideration of such individual proper-
ties of the reconstructed image.

[0032] The above process may identify not only the
convex edge of the bone in the joint (i.e., the bone at the
left side of the images of FIGS. 2A and 2B) but also the
concave edge oftheboneinthejoint(i.e.,the bone having
an articular fossa at the right side of the images of FIGS.
2A and 2B). In such a case (in which more than one edge
of the bone in the joint may be identified in the recon-
structed image), it is determined whether the identified
edge of the bone is concave or convex. A convex edge
of the bone may be then identified as a target edge of
the bone in the joint. This process allows a target edge
of the bone covered with cartilage to be accurately se-
lected from multiple bones in the joint, leading to accurate
measurement of the thickness or the like of the cartilage.
[0033] Since the reconstructed images, such as the
absorption image, differential phase image, and small-
angle scattering image, are all reconstructed from the
same moire image taken by the X-ray Talbot imaging
apparatus 1, the edge of the bone in the joint is at the
same position in these reconstructed images. Informa-
tion on the identified position of the edge of the bone
(e.g., the coordinates of the corresponding pixels in the
reconstructed image) may be applied to a differential
phase image to identify the position of the edge of the
bone in the differential phase image. Thus, the image
processing apparatus 50 in Exemplary Configuration 1
is configured to identify the position of the edge of the
bone in a reconstructed image and then applies the re-
sulting information to the differential phase image to iden-
tify the position of the edge of the bone in the differential
phase image.

[0034] The image processing apparatus 50 then dis-
plays the identified bone edge on a screen 51a of the
display 51 as shownin FIG. 3, for example. The identified
bone edge is represented with a white broken line in FIG.
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3, but may be represented in any form that allows the
user to visually recognize the position of the identified
bone edge on the screen 51a.

[0035] After the user specifies the positions on the
edge of the joint cartilage in the differential phase image
on the display 51 (see "1", "2", and "3" in FIG. 3), the
image processing apparatus 50 calculates the shortest
distance from each specified position to the edge of the
bone as the thickness of the joint cartilage at the specified
position. In particular, as shown in FIG. 4, the image
processing apparatus 50 calculates distances r from a
specified position P to the positions on the edge of the
joint cartilage in the differential phase image and defines
the shortest distance r as the thickness R of the joint
cartilage in the position P (see "cartilage thickness" in
FIG. 3, for example), thus achieving quantitative meas-
urement.

[0036] If all the positions on the identified edge of the
bone in the differential phase image undergo the above
distance calculating procedure, unnecessary calculation
increases the time for measuring the thickness R in the
position P. To avoid this, as shown in FIG. 4, the image
processing apparatus 50 may determine points Q1 and
Q2 on the edge of the bone, the points Q1 and Q2 being
the nearest points in the vertical and horizontal directions
from the position P in the differential phase image. The
image processing apparatus 50 may calculate the short-
est distance for a limited portion, i.e., between the points
Q1 and Q2, of the edge of the bone.

[0037] Insucha case, the points Q1 and Q2 should be
determined on the edge of the bone covered with the
target cartilage including the position P. In some cases,
however, the edge of not only the bone on the left of FIG.
4 (having a convex face) but also the bone on the right
of FIG. 4 (having a concave face) are detected and the
points Q1 and Q2 are determined on the edge of the bone
on the right of FIG. 4. To prevent such a phenomenon
and to determine the exact points Q1 and Q2, the follow-
ing procedure is carried out.

[0038] FIG. 5is a graph of the values of the pixels in
the pixel row including the position P in the differential
phase image, as described later. The position P specified
on the edge of the target cartilage has a local minimum
pixel value indicated by A2 in the graph of FIG. 5. Ac-
cordingly, the edge of the bone on the left of FIG. 4 cov-
ered with the target cartilage also has a local minimum
pixel value indicated by A1 in the graph. The edge of the
bone on the right of FIG. 4 (uncovered with the target
cartilage) has a local maximum pixel value indicated by
A3 in the graph. If the right-left direction of the finger
(subject) is reversed, the edges of the target cartilage
and the bone covered with the target cartilage have local
maximum pixel values, while the edge of the bone un-
covered with the target cartilage has a local minimum
pixel value.

[0039] Upon the determination of the position P, the
values of the pixels in the pixel row including the position
P in the differential phase image are detected (see the
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graph of FIG. 5). It is then determined whether the edge
(position P) of the target cartilage has a local minimum
or maximum pixel value. The edge having a pixel value
with the same tendency as the pixel value of the position
P is selected from the edge of the bone on the left of FIG.
4 (having a convex face) and the edge of the bone on
the right of FIG. 4 (having a concave face). If the position
P (the edge of the cartilage) has a local minimum pixel
value, the bone edge having a local minimum pixel value
is selected. If the position P has a local maximum pixel
value, the bone edge having a local maximum pixel value
is selected. This procedure allows the point Q2 (see FIG.
4) to be determined correctly.

[0040] The point Q1 can be correctly determined on
the edge of the bone on the left of FIG. 4 (having a convex
face), not on the edge of the bone on the right of FIG. 4
(having a concave face), in a similar manner after the
detection of the values of the pixels in the pixel row in-
cluding the position P in the differential phase image.
Alternatively, the user may determine the points Q1 and
Q2 on the edge of the bone in the joint.

[0041] The shortest distance is then calculated for the
range between the determined points Q1 and Q2 on the
edge of the bone, which saves the time to measure the
cartilage thickness R in the position P and reduces the
load on the image processing apparatus 50. There are
cases in which the line extending from the position P in
the vertical or horizontal direction in the differential phase
image does not meet the edge of the bone in the joint,
and in which the point Q1 or Q2 cannot be detected.
When only one of the points Q1 and Q2 on the edge of
the bone is detected, the detected point (Q1 or Q2) and
the coordinates of the position P are used for the calcu-
lation. For instance, a rectangle having an edge including
the position P and the detected point (Q1 or Q2) is de-
termined in the differential phase image, and the shortest
distance is calculated for the bone edge within the rec-
tangle. If only the point Q1 is determined, a pixel row
including the position P in the differential phase image
may be defined as one of the upper and lower edges of
the rectangle, and a pixel row including the point Q1 may
be defined as the other. If only the point Q2 is determined,
a pixel column including the position P in the differential
phase image may be defined as one of the right and left
edges of the rectangle, and a pixel column including the
point Q2 may be defined as the other. The shortest dis-
tance may be calculated for only a predetermined area
oftherectangle, instead of the whole area of the rectangle
(which extends in the row direction if only the point Q1
is detected and the column direction if only the point Q2
is detected).

[0042] As shown in FIG. 3, in the normal mode, the
thickness R of the joint cartilage is measured for multiple
positions P on the edge cartilage ("1", "2", and "3" in FIG.
3). Forinstance, when the user specifies the first position
P1 (e.g.,"1"in FIG. 3) on the edge of the cartilage in the
differential phase image, the image processing appara-
tus 50 may measure the thickness R of the cartilage for

10

15

20

25

30

35

40

45

50

55

the position P1 as described above, then determine one
or more pixels that are near the position P1 and have
values within a predetermined range from the pixel value
of the position 1, and then indicate the determined pixels
on the differential phase image as candidates for the po-
sition P2 (e.g., "2" in FIG. 3). Thus, the user can just
select the position P2 from the candidates. This proce-
dure facilitates the user work in the measurement of the
thickness R. Optionally, the image processing apparatus
50 may calculate the shortest distances for the candi-
dates for the position P2 while indicating the candidates
on the differential phase image, so that the thickness R
for the position P2 can be displayed on the screen 51a
upon the determination of the position P2 by the user.

[Exemplary Configuration 2]

[0043] In Exemplary Configuration 1, the position of
the edge of the bone is identified in the differential phase
image. The shortest distance is then calculated from the
position on the identified edge of the bone to the position
P on the joint cartilage edge specified by the user. The
shortest distance is defined as the thickness R in the
position P, achieving quantitative measurement.

[0044] In Exemplary Configuration 2, the position of
the joint cartilage edge is identified in the differential
phase image. The shortest distance is then calculated
from the position of the identified edge of the joint carti-
lage to a position on the edge of the bone specified by
the user. The shortest distance is defined as the thick-
ness R at the specified position, achieving quantitative
measurement.

[0045] As described in Exemplary Configuration 1, in
the differential phase image of FIG. 2B, the pixel value
steeply decreases at the edge portion of the bone having
anarticular head (see A1inFIG. 5), thenrises, then slight-
ly decreases to a local minimum value (see A2 in FIG.
5), and then steeply rises (see A3 in FIG. 5) when every
pixel value is sequentially observed pixel by pixel from
left to right in the target pixel row. The point A3 corre-
sponds to the edge of the bone having a concave face
(i.e., an articular fossa), which is the on the right of FIG.
2B. The point A2 at a local minimum value between the
points A1 and A3 corresponds to the edge of the joint
cartilage.

[0046] In Exemplary Configuration 2, the image
processing apparatus 50, for example, detects the point
A2 between the detected points A1 and A3 by sequen-
tially observing every pixel value pixel by pixel from left
torightin atarget pixel row in the differential phase image.
The differential phase image is sequentially scanned in
the vertical direction row by row for this procedure to iden-
tify the position of the edge of the joint cartilage in the
differential phase image.

[0047] Unlike in Exemplary Configuration 1, after the
edge of the joint cartilage is identified, a position p on the
edge of the bone in the joint is specified in the differential
phase image on the display 51 by the user as shown in
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FIG. 6, and the image processing apparatus 50 calcu-
lates the shortest distance from the position p to the edge
of the joint cartilage as the thickness R of the joint carti-
lage in the position p. Thus, the thickness R of the joint
cartilage in the position p can be measured quantitatively
also in Exemplary Configuration 2.

[0048] In Exemplary Configuration 2, the thickness of
the cartilage may be measured at multiple positions on
the edge of the bone in the joint in the differential phase
image as in Exemplary Configuration 1. As in Exemplary
Configuration 1, the image processing apparatus 50 may
determine the points on the edge of the cartilage, the
points being the nearest points in the vertical and hori-
zontal directions from the position p in the differential
phase image. The image processing apparatus 50 may
calculate the shortest distance or measure the thickness
R for a limited portion, i.e., between the determined
points, of the edge of the cartilage. Alternatively, the user
may manually determine the edge of the joint cartilage
by observing the differential phase image on the display
51 of the image processing apparatus 50.

[0049] As in the other exemplary configurations, the
position p on the edge of the bone in the joint may be
specified in any reconstructed image other than a differ-
ential phase image, such as an absorption image or a
small-angle scattering image. If the point p is specified
in a reconstructed image other than a differential phase
image, the image processing apparatus 50 determines
the corresponding point p in a differential phase image
for the procedure described above.

[Exemplary Configuration 3]

[0050] In Exemplary Configuration 1, only the edge of
the bone is identified in the differential phase image. In
Exemplary Configuration 2, only the edge of the joint car-
tilage is identified in the differential phase image. In Ex-
emplary Configuration 3, both the edge of the bone and
the edge of the joint cartilage are identified in the differ-
ential phase image. In particular, the image processing
apparatus 50 employs Exemplary Configuration 1 when
the user specifies the position P on the edge of the joint
cartilage in the differential phase image (see FIG. 4, for
example), and Exemplary Configuration 2 when the user
specifies the position p on the edge of the bone in the
differential phase image (see FIG. 6, for example). This
configuration allows the thickness R to be quantitatively
measured in the position P or p.

[0051] Inthe case where the user specifies the position
deviating from the edge of the joint cartilage or the bone
in the differential phase image, the image processing ap-
paratus 50 may determine the position P on the edge of
the joint cartilage or the position p on the edge of the
bone nearest to the specified position for the procedure
in Exemplary Configuration 1 or 2 and measure the thick-
ness R at the specified position. Thus, even if the user
specifies the position out of the edge of the joint cartilage
or bone in the differential phase image, the position spec-
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ified by the user can be modified to a correct position on
the edge of the joint cartilage or bone for the measure-
ment of the thickness R. Consequently, the thickness R
can be calculated more accurately.

[Exemplary Configuration 4]

[0052] InExemplary Configurations 1 to 3, the shortest
distance from the position P or p specified in the differ-
ential phase image by the user to the identified edge of
the bone or cartilage is calculated as the thickness R in
the position P or p, achieving quantitative measurement.
[0053] In Exemplary Configuration 4, the thickness R
is calculated by another method based on the following
mechanism associated with bones in a joint. A joint can
be bent or stretched smoothly when the bones in the joint
move smoothly against each other. Hence, as shown in
FIGS. 2A and 2B and other drawings, the bone edge
having a convex face (an articular head) and the bone
edge having a concave face (an articular fossa) have an
distinct arc shape in many cases. In contrast, the edges
of the bones in a knee joint look straight depending on
the viewing direction (or the direction of the knee joint in
the differential phase image).

[0054] Accordingly, the edge of the bone in the joint in
the differential phase image may be subjected to curve
or straight-line fitting for quantitative measurement of the
thickness R. In Exemplary Configuration 4, the image
processing apparatus 50 subjects the edge of the bone
to curve or straight-line fitting based on multiple dots de-
termined on the edge of the bone in the joint in the dif-
ferential phase image (see the white broken line in FIG.
4, for example) or based on multiple dots determined by
the user. When the user specifies any position on the
edge of the bone for the measurement of the thickness
R, the thickness R can be quantitatively measured on
the normal line to the straight or curve line for the specified
position.

[0055] Exemplary Configuration 4 will now be de-
scribed in detail. In Exemplary Configurations 4 and 5,
the edge of the bone in the joint is fitted to an arc shape,
but may be fitted to a straight line or an elliptic curve,
instead. Arc-shape fitting requires three points on the
edge of the bone to yield one arc. Straight-line fitting re-
quires two points on the edge of the bone to yield one
straight line. Elliptic-curve fitting requires five points on
the edge of the bone to yield one elliptic curve. Arc fitting
of the edge of the bone, for example, may include fitting
the edge to an arc based on varying combinations of
three points selected from at least four predetermined
points on the edge of the bone. With the multiple obtained
fitted arcs, the shape of the edge of the bone is fitted to
an arc more accurately. Alternatively, the edge of the
bone may be fitted to an arc based on multiple points on
the edge of the bone in the differential phase image, using
the least squares or Hough transform, for example. This
applies to fitting using any line or curve other than a
straight line and an arc.
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[0056] Upon the identification of the edge of the bone
in the differential phase image, the image processing ap-
paratus 50 determines three points p1, p2, and p3 on the
edge of the bone as shown in FIG. 7, for example. Alter-
natively, the user determines three points p1, p2, and p3
on the edge of the bone. As shown in FIG. 8, then the
image processing apparatus 50 determines an arc based
on the three points p1, p2, and p3. As shown in FIGS. 7
and 8, upon the determination of the position p on the
edge of the bone by the user, the normal line to an arc
at the position p is determined. The edge of the cartilage
is then detected on the normal line and the distance is
measured as the thickness R in the position p, achieving
quantitative measurement.

[0057] For instance, the edge of the cartilage on the
normal line is detected in the following manner. The val-
ues of the pixels on the normal line are sequentially ob-
served from the position p on the edge of the bone. The
values of the pixels on the normal line are plotted as in
FIG. 5, although FIG. 5 does not illustrate a profile of the
values of the pixels on the normal line, but illustrates a
profile of the values of the pixels on the target row in the
differential phase image as described above. Hence, the
edge of the joint cartilage can be detected by detecting
a pixel corresponding to A2 in FIG. 5 at which the pixel
value slightly decreases to a local minimum value after
an increase from a much lower value in the position p.
The thickness R in the position p can be measured ac-
curately and quantitatively by calculating the distance be-
tween the position p and the position of the edge of the
cartilage.

[0058] When the edge of the bone is fitted to an arc
based on the determined three points: p1, p2, and p3,
the normal line to the arc at the position p can be repre-
sented by a straight line passing through the center O of
the arc (see FIG. 8) and the position p. Upon the deter-
mination of the position p on the edge of the bone, the
image processing apparatus 50 calculates a straight line
passing through the position p and the center O deter-
mined at the calculation of the arc to which the edge of
the joint cartilage is fitted. The values of the pixels on the
straight line (i.e., normal line) may be observed sequen-
tially from the position p to detect the edge of the joint
cartilage. This configuration facilitates accurate meas-
urement of the thickness R in the position p.

[0059] In Exemplary Configuration 4, as in Exemplary
Configuration 1, the edge of the bone may be identified
in a reconstructed image other than a differential phase
image, such as an absorption image or a small-angle
scattering image, and the resulting information may be
then applied to a differential phase image to identify the
edge of the bone in the differential phase image. In ad-
dition, the user may determine multiple points on the edge
of the bone in any reconstructed image other than a dif-
ferential phase image, and the resulting information may
be applied to a differential phase image to determine the
multiple points on the edge of the bone in the differential
phase image.
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[0060] Alternatively, the user may determine multiple
points on the edge of the bone in a differential phase
image or other reconstructed images, without a process
in which the image processing apparatus 50 or the user
specifies the edge of the bone in the differential phase
image. In such a case, the image processing apparatus
50 fits the edge of the bone to a straight or curved line
based on the multiple points and determines the straight
or curved line to be the edge of the bone in the differential
phase image. This applies to a process in which the im-
age processing apparatus 50 fits the edge of the joint
cartilage to a straight or curved line based on the multiple
points in Exemplary Configuration 5 described below.

[Exemplary Configuration 5]

[0061] In Exemplary Configuration 5, multiple points
are determined on the edge of the joint cartilage identified
in the differential phase image instead of the edge of the
bone identified in the differential phase image in Exem-
plary Configuration 4. In particular, the image processing
apparatus 50 or the user determines multiple points on
the edge of the joint cartilage in the differential phase
image. The image processing apparatus 50 then fits the
edge of the cartilage to a straight or curved line based
on the multiple points, and then quantitatively measures
the thickness R on the normal line to the straight or curved
line at the position P on the edge of the joint cartilage.
[0062] Exemplary Configuration 5 is similar to Exem-
plary Configuration 4, and thus its detailed description
will be omitted. In Exemplary Configuration 4, the edge
of the cartilage is detected by sequentially observing the
values of the pixels on the normal line outward from the
position p on the edge of the bone (i.e., outward from the
center O if the edge of the bone is fitted to an arc). In
Exemplary Configuration 5, the edge of the bone is de-
tected by sequentially observing the values of the pixels
on the normal line inward from the position P on the edge
of the joint cartilage (i.e., toward the center O if the edge
of the cartilage is fitted to an arc).

[0063] In Exemplary Configuration 4, the edge of the
bone may be identified in any reconstructed image other
than a differential phase image, such as an absorption
image or a small-angle scattering image, and the result-
ing information may be applied to a differential phase
image so that the edge of the bone can be identified in
the differential phase image. In Exemplary Configuration
5, the edge of the joint cartilage is identified in a differ-
ential phase image or a reconstructed image generated
from a differential phase image, since the edge of joint
cartilage appears only in differential phase images or im-
ages generated from differential phase images as de-
scribed above.

[0064] In Exemplary Configurations 4 and 5, the edge
of the bone or cartilage in the image may be fitted to a
parabola, a hyperbola, or other curves, in addition to a
straight line, a circle (arc), and an ellipse.
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[Exemplary Configuration 6]

[0065] In Exemplary Configurations 4 and 5, the edge
of the bone in a reconstructed image (including a differ-
ential phase image) or the edge of the joint cartilage in
adifferential phase image is fitted to an arc. In Exemplary
Configuration 6, the polar coordinate system is applied
to a differential phase image or a reconstructed image
(including a differential phase image) to quantitatively
measure the thickness R from the resulting image.
[0066] In Exemplary Configurations 1 to 5 (see FIGS.
3 to 8), a differential phase image or other images is
expressed in Cartesian coordinates in which pixels are
each represented by coordinates (i,j), where i is the pixel
row number and j is the pixel column number. In Exem-
plary Configuration 6, the Cartesian coordinates are con-
verted to polar coordinates expressing each pixel by (9,
r), where 6 is an angle about the center O of an arc and
r is the distance from the center O. The center O is cal-
culated from the arc to which the edge of the bone or
cartilage is fitted based on at least three points of p1, p2,
and p3 on the edge of the bone (see FIG. 8) or cartilage
in the differential phase image. Thus, the thickness R is
measured quantitatively. FIG. 9 is an image obtained by
converting the differential phase image of the jointin FIG.
2B to the expression in polar coordinates. The joint in
FIG. 9 is rotated by 90° from that in FIG. 2B.

[0067] Referring to FIG. 9, which is an image ex-
pressed in polar coordinates, the edge of the bone having
a convex face (specifically, a portion of the edge which
is well fitted to an arc) in the Cartesian coordinate system
(i.e., in FIG. 2B) is represented by a substantially straight
line. The edge of the cartilage is also represented by a
substantially straight line parallel to it (FIG. 9 shows the
cartilage of a healthy subject not having a disease such
as arthrorheumatism).

[0068] The normal line to the arc at the position P or p
in Exemplary Configurations 4 and 5 is represented by
a straight line extending along the r axis (the vertical axis
in FIG. 9) in the image of FIG. 9 expressed in polar co-
ordinates. The image processing apparatus 50 observes
a profile (like FIG. 5) of pixel values along a straight line
parallel to the r axis and passing through the position P
on the edge of the joint cartilage or the position p on the
edge of the bone in such an image expressed in polar
coordinates, and calculates the distance between the
points A1 and A2 in the profile (see FIG. 5) to quantita-
tively measure the thickness R in the position P or p. This
configuration allows the thickness R to be measured
readily and accurately. The straight light parallel to the r
axis corresponding to the normal line can advantageous-
ly be shifted in the 8 axis direction (horizontally in FIG.
9) continuously or at regular angles for scanning to meas-
ure the thickness R at each angle 0 readily and accurate-
ly.

[0069] It should be understood that Exemplary Config-
urations 1 to 5 can also perform measurement while shift-
ing the position P or p on the edge of the cartilage or
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bone continuously or at regular intervals. Such a config-
uration enables accurate measurement of the thickness
R at each position. Exemplary Configuration 1 or 2 may
be applied to the image of FIG. 9 expressed in polar co-
ordinates to quantitatively measure the distance from the
position P on the cartilage edge to the nearest point on
the bone edge or the distance from the position p on the
bone edge to the nearest point on the cartilage edge and
determine the distance to be the thickness R in the po-
sition P or p.

[Advantageous effect 1]

[0070] As described in Exemplary Configurations 1 to
6, in the medical imaging system 100 of this embodiment
including the X-ray Talbot imaging apparatus 1 and the
image processing apparatus 50, the image processing
apparatus 50 can quantitatively measure the thickness
R of cartilage in a joint by reference to the edge of the
bone or cartilage in the joint identified in a differential
phase image (or an image generated from a differential
phase image) generated by the controller 19 in the X-ray
Talbot imaging apparatus 1. Thus, unlike in traditional
techniques, the thickness R can be quantitatively meas-
ured by the image processing apparatus 50 automatical-
ly, independently of the experience or techniques of a
radiologist, achieving consistent measurement of the
thickness R.

[Calculation of feature value of thickness of cartilage]

[0071] Inthe above description, the thickness R of car-
tilage in a joint in the specified position P or p is quanti-
tatively measured. Alternatively, the thicknesses R in
multiple positions P or multiple positions p may be meas-
ured and a feature value of each thickness R, such as a
maximum value, a minimum value, an average value, a
difference between the maximum value or average value
and the minimum value, and a ratio of the minimum value
to the maximum value or average value, may be calcu-
lated.

[0072] Alternatively, the difference between the typical
cartilage thickness and the measured thickness R or the
ratio of the typical cartilage thickness to the measured
thickness R at a specified position of a target joint (e.g.
the third joint (MP joint) of a forefinger, the second joint
(PIP joint) of a middle finger, or a knee joint) may be
determined to be a thickness feature. In this case, values
or models of typical cartilage thickness dependent on the
age, gender, and the type of joint may be predetermined
from samples of healthy subjects. Among them, an ap-
propriate value or model of typical cartilage is selected
depending on patient’s age and gender and the type of
the target joint. Also measured is the thickness R another
of cartilage in another joint of the patient not having a
disease (not deformed by a disease) near the target joint
of the patient for calculation of a thickness feature value.
The original thickness R” of cartilage in the target joint
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before deformation may be estimated from the thickness
R another and used as the typical thickness.

[0073] In the case where the positions P or p are con-
tinuously shifted on the edge of the cartilage or bone for
the measurement of the thickness R as described above,
the feature values of each thickness R may be measured
within a portion of the edge of the cartilage or bone in
which the position P or p is continuously shifted.

[0074] In case of a defect or other deformation of joint
cartilage (see D in FIG. 10), this configuration allows the
level of such a defect or other deformation to be quanti-
tatively and accurately estimated as a feature value. This
configuration can also estimate a change in the shape
of the cartilage quantitatively and accurately, for exam-
ple, from a difference between the current and prior fea-
ture values, i.e., a time-dependent change in feature val-
ue. A doctor, for example, can accurately recognize the
progression of the abrasion or other damage in patient’s
cartilage over time, by reference to a time-dependent
change in thickness feature (see FIGS. 11A and 11B, for
example).

[Estimation of shape of cartilage edge before deforma-
tion]

[0075] Inthe calculation of a feature value of the thick-
ness of the cartilage, the original thickness R" (before
deformation) of the cartilage in patient’s diseased joint
may be estimated as described above. The thickness R"
or shape of the cartilage before deformation is estimated
from the thickness R another, which is the thickness of
another joint that is not deformed by a disease as stated
above, or may be estimated in any of the following man-
ners.

[Estimation process 1]

[0076] The image processing apparatus 50 estimates
the shape of the joint cartilage before deformation by
reference to the edge of the bone in a differential phase
image. In particular, the edge of the bone is identified in
the differential phase image as in Exemplary Configura-
tion 1 (see FIGS. 3 and 4, for example), for example. As
shown in FIGS. 7 and 8, at least three points are deter-
mined on the identified edge of the bone. The edge of
the bone is then fitted to an arc based on the at least
three points to specify the position of the center O of the
arc (see FIG. 8). The distance between the center O and
each position on the edge of the bone is enlarged by an
appropriate factor to estimate the shape of the cartilage
before deformation.

[0077] Theenlargementfactor of the distance between
the center O and each position on the edge of the bone
may be determined, for example, depending on a maxi-
mum value of the thickness R measured in the above
manner. In specific, the distance between the center O
and each position on the edge of the bone may be en-
larged by the same factor such that the edge of the bone
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after the enlargement matches the position of the edge
of the cartilage at which position the cartilage thickness
R has a maximum value (i.e. a position on the normal
line passing through the position).

[0078] Inthe joint before deformation, the shape of the
bone edge and the shape of the cartilage edge have sub-
stantially similar figure about the center O in many cases.
Accordingly, for a joint in which the shape of the bone
edge and the shape of the cartilage edge have substan-
tially similar figure, the shape of the bone edge after the
enlargement of the distance between the center O and
each position on the edge of the bone is estimated as
the shape of the cartilage edge before deformation. Thus,
the cartilage edge before deformation can be estimated
exactly.

[0079] Inthe above description, the shape of the bone
edge obtained by enlarging the distance between the
center O and each position on the edge of the bone based
on a maximum value of the measured thickness R is es-
timated as the shape of the cartilage edge before defor-
mation. Alternatively, the shape of the bone edge en-
larged based on the value or model of typical thickness
of cartilage in the joint may be estimated as the shape
of the cartilage edge before deformation, in which case
also the cartilage edge before deformation can be esti-
mated efficiently.

[Estimation process 2]

[0080] Inthe above description, the shape of the iden-
tified bone edge is directly enlarged and estimated as
the shape of the cartilage edge before deformation. In
Estimation process 2, the identified bone edge is fitted
to an arc. The arc is then enlarged and estimated as the
shape of the cartilage edge before deformation. In this
case, too, the radius of the arc, i.e., the distance r from
the center O may be enlarged based on a maximum value
of the measured thickness R or based on the value or
model of typical thickness of cartilage in the joint, and
the enlarged arc may be estimated as the shape of the
cartilage edge before deformation.

[0081] As described in Exemplary Configuration 6, the
differential phase image may be expressed in polar co-
ordinates indicated by the angle 6 to the center O of the
arc, to which the bone edge is fitted, and the distance r
from the center O (see FIG. 9), and the bone edge ex-
pressed in polar coordinates may be translated in the
direction of the increasing distance r (i.e. upward in FIG.
9) and estimated as the shape of the cartilage in the joint
before deformation expressed in polar coordinates. In
addition, the edge of the bone in the joint in polar coor-
dinates may be fitted to a straight line, and the straight
line may be translated in the direction of the increasing
distance r (i.e. upward in FIG. 9) and estimated as the
shape of the cartilage edge before deformation ex-
pressed in polar coordinates.
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[Estimation process 3]

[0082] AsshowninFIG. 10, the identified cartilage has
defects D at its edge A in the differential phase image in
some cases. A bone edge B is also illustrated in the draw-
ing. In such cases, the shape of the cartilage before de-
formation (see the dashed line in FIG. 10), i.e., without
the defects D can be estimated, for example, from a con-
vex curve determined based on the shape of a portion
of the cartilage edge having no defect.

[0083] AlsoinEstimation processes 2 and 3, the shape
ofthe cartilage edge before deformation can be efficiently
estimated.

[Presentation of estimated shape of cartilage edge before
deformation]

[0084] Theimage processing apparatus 50 can super-
impose the shape of the cartilage edge before deforma-
tion estimated in any of Estimation processes 1 to 3, on
a differential phase image (see FIG. 11A) or differential
phase image in polar coordinates (see FIG. 11B) of the
cartilage and display the resulting image. FIGS. 11A and
11B illustrate a cartilage edge A and bone edge B iden-
tified in a differential phase image and a differential phase
image expressed in polar coordinates. The alternate long
and short dashed line A" indicates the estimated shape
of the cartilage edge before deformation.

[0085] Thus, a doctor, for example, can compare the
shape of the cartilage edge A on the screen of the image
processing apparatus 50 with the estimated shape of the
cartilage edge A" before deformation and visually recog-
nize the level of deformation, e.g., defect or abrasion of
the cartilage readily and accurately for diagnosis.

[Calculation of feature value of shape of cartilage]

[0086] In addition, a feature value of the shape of the
cartilage which indicates the level of abrasion or other
deformation of the cartilage may be calculated by refer-
ence to the shape of the cartilage edge A" before defor-
mation estimated in the differential phase image and the
shape of the cartilage edge A identified in the image (see
FIG. 11A), or the shape of the cartilage edge A" before
deformation estimated in the differential phase image ex-
pressed in polar coordinates and the shape of the carti-
lage edge A identified in the image (see FIG. 11B).
[0087] Likethe feature values of the cartilage thickness
R, the feature values of the shape of the cartilage may
include a maximum value, a minimum value, an average
value, a difference between a maximum value or average
value and a minimum value, and a ratio of a minimum
value to a maximum value or average value of a ratio of
the thickness R of the actual cartilage to the thickness of
the shape of the cartilage A" before deformation within
the region defined by the chain double-dashed lines in
the drawings or within a predetermined portion of the
region.
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[0088] The feature values of the shape of the cartilage
may also include the area of the cartilage (i.e., the area
of a region between the cartilage edge A and the bone
edge B) and the area of a portion of the cartilage lost by
the deformation (i.e., the area of a portion between the
cartilage edge A and the estimated cartilage edge A" be-
fore deformation) in a region defined by the chain double-
dashed lines in the drawings or within a predetermined
portion of the region, and aratio of the area of the cartilage
or the area of a portion of the cartilage lost by the defor-
mation to the area of the cartilage before deformation
(i.e., the area of a portion between the bone edge B and
the estimated cartilage edge A" before deformation).
[0089] In case of a defect or other deformation of the
joint cartilage (see D in FIG. 10, for example), this con-
figuration allows the level of defect or other deformation
to be quantitatively and accurately measured as afeature
value of the shape of the cartilage. This configuration can
also estimate a change inthe shape of the cartilage quan-
titatively and accurately, for example, from a difference
between the current and prior feature values, i.e., a time-
dependent change in feature value. A doctor, for exam-
ple, can accurately determine the progression of the
abrasion or other damage in patient’s cartilage over time,
by reference to a time-dependent change in feature value
(see FIGS. 11A and 11B, for example).

[Advantageous effect 2]

[0090] As described in Estimation processes 1 to 3, in
the medical imaging system 100 of this embodiment in-
cluding the X-ray Talbot imaging apparatus 1 and the
image processing apparatus 50, the image processing
apparatus 50 may estimate the shape of the cartilage
before deformation by reference to the edge of the bone
or cartilage identified in a differential phase image or a
differential phase image expressed in polar coordinates
and display an image. For example, a doctor, can com-
pare the edge of the cartilage with the superimposed es-
timated shape of the cartilage edge before deformation
in the displayed image and visually recognize the level
of deformation of joint cartilage readily for accurate diag-
nosis.

[0091] Alternatively, the estimated shape of the carti-
lage edge before deformation may be used to calculate
a feature value of the shape of the cartilage. Thus, a
doctor, for example, can quantitatively and accurately
recognize the level of defect or other deformation as a
feature value of the shape of the cartilage, and accurately
determine the progression of the abrasion or other dam-
age in patient’s cartilage over time.

[0092] Itshould be appreciated that the present inven-
tion should not be limited to the above embodiments and
may be modified as appropriate without departing from
the scope of the present invention.
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Claims

A medical imaging system (100) comprising:

an X-ray Talbot imaging apparatus (1) compris-
ing:

an X-ray source (11a) which emits X-rays,
an X-ray detector (16) including conversion
elements to generate an electrical signal ac-
cording to the emitted X-rays, and reading
the electrical signal generated by the con-
version elements, as an image signal,

a subject table (13) to hold a subject for a
joint of the subject to be imaged, and

a controller (19) which generates a recon-
structed image from the image signal of the
imaged subject, the reconstructed image in-
cluding at least a differential phase image;
and

an image processing apparatus (50) which
measures a thickness (R) of cartilage in the joint
in the differential phase image or an image gen-
erated from the differential phase image, by ref-
erence to at least one of i) an edge (B) of a bone
in the joint identified in the reconstructed image
or an image generated from the reconstructed
image and ii) an edge (A) of the cartilage iden-
tified in the differential phase image orthe image
generated from the differential phase image.

2. The medical imaging system (100) according to

Claim 1, wherein the image processing apparatus
(50) calculates a shortest distance from a position
(P) specified on the edge (A) of the cartilage in the
differential phase image or theimage generated from
the differential phase image to the identified edge
(B) of the bone, and defines the shortest distance as
the thickness (R) of the cartilage at the specified po-
sition (P).

The medical imaging system (100) according to
Claim 2, wherein the image processing apparatus
(50) determines points (Q1, Q2) on the edge (B) of
the bone and calculates the shortest distance from
the specified position (P) on the edge (A) of the car-
tilage to a portion, between the determined points
(Q1, Q2), of the edge (B) of the bone, wherein the
determined points (Q1, Q2) are nearest points in ver-
tical and horizontal directions from the specified po-
sition (P) in the differential phase image or theimage
generated from the differential phase image.

The medical imaging system (100) according to
Claim 1, wherein the image processing apparatus
(50) calculates a shortest distance from a position
(p) specified on the edge (B) of the bone in the re-
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constructed image or the image generated from the
reconstructed image to the identified edge (A) of the
cartilage, and defines the shortest distance as the
thickness (R) of the cartilage at the specified position

(P):

The medical imaging system (100) according to
Claim 4, wherein the image processing apparatus
(50) determines points on the edge (A) of the carti-
lage and calculates the shortest distance from the
specified position (p) on the edge (B) of the bone to
a portion, between the determined points, of the
edge (A) of the cartilage, wherein the determined
points are nearest points in vertical and horizontal
directions from the specified position (p) in the dif-
ferential phase image or the image generated from
the differential phase image.

The medical imaging system (100) according to
Claim 1, wherein the image processing apparatus
(50) fits the identified edge (A,B) of the cartilage or
bone to a straight or curved line based on a plurality
of points (p1, p2, p3) determined on the edge (A,B)
of the cartilage or bone, and measures the thickness
(R) of the cartilage on a normal line to the straight or
curved line at a position (P,p) specified on the edge
(A,B) of the cartilage or bone.

The medical imaging system (100) according to
Claim 6, wherein the image processing apparatus
(50) fits the edge (A,B) of the cartilage or bone to an
arc based on at least three points (p1, p2, p3) deter-
mined on the edge (A,B) of the cartilage or bone,
determines a center (O) of the arc, and measures
the thickness (R) of the cartilage on a straight line
passing through the specified position (P,p) on the
edge (A,B) of the cartilage or bone and the center
(O) of the arc.

The medical imaging system (100) according to
Claim 6 or 7, wherein the image processing appara-
tus (50) detects the edge (A,B) of the bone or carti-
lage by reference to a profile of values of pixels on
the normal line to the straight or curved line at the
specified position (P,p) on the edge (A,B) of the car-
tilage or bone in the differential phase image or the
image generated from the differential phase image,
and measures the distance from the specified posi-
tion (P,p) to the detected edge (A,B) of the bone or
cartilage as the thickness (R) of the cartilage at the
specified position (P,p).

The medical imaging system (100) according to
Claim 1, wherein the image processing apparatus
(50) expresses the differential phase image or the
image generated from the differential phase image
in polar coordinates indicated by an angle (6) to a
center (O) of an arc and by a distance (r) from the
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center (O), and measures the thickness (R) of the
cartilage in the image expressed in polar coordi-
nates, the arc being an arc to which the edge (A,B)
of the cartilage or bone is fitted.

The medical imaging system (100) according to
Claim 7, wherein the image processing apparatus
(50) fits the edge (B) of the bone to the arc based on
the at least three points (p1, p2, p3) determined on
the edge (B) of the bone, generates another arc ob-
tained by enlarging a radius of the arc to which the
edge (B) of the bone is fitted, and estimates the an-
other arc to be a shape (A*) of the cartilage before
deformation.

The medical imaging system (100) according to
Claim 9, wherein the image processing apparatus
(50) translates the edge (B) of the bone expressed
in polar coordinates and estimates the translated
edge (B) of the bone to be a shape (A*) of the carti-
lage before deformation expressed in polar coordi-
nates.

The medical imaging system (100) according to
Claim 10 or 11, wherein the image processing ap-
paratus (50) displays an image of the estimated
shape (A*) of the cartilage before deformation su-
perimposed on the differential phase image of the
cartilage, the image generated from the differential
phase image, the differential phase image ex-
pressed in polar coordinates, or theimage generated
from the differential phase image expressed in polar
coordinates.

The medical imaging system (100) according to any
one of Claims 10 to 12, wherein the image process-
ing apparatus (50) determines a feature value of the
shape of the cartilage by reference to i) the shape
(A*) of the cartilage before deformation estimated
using the differential phase image, the image gen-
erated from the differential phase image, the differ-
ential phase image expressed in polar coordinates,
or the image generated from the differential phase
image expressed in polar coordinates and ii) the
shape of the identified edge (A) of the cartilage.
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